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CLEARING ICE-CLOGGED SHIPPING CHANNELS

George P. Vance

INTRODUCTION and the locations to which it will have to be moved
will also be considered.

The need for keeping the ice prone rivers and lakes
used for commercial shipping open year-round or near
year-round brings with it many problems, not the least THE ENVIRONMENT
of which is disposing of the ice that is found in the
shipping channels. This ice may appear in several dif- There are four areas in the St. Marys River that
ferent forms, such as sheet ice, frazil ice, brash ice, have been subject to the accumulation of brash/
refrozen brash ice and mush or a combination of the frazil ice (Remus 1979):
above. * Little Rapids Cut

In many locations this ice has a tendency to accu- * Middle Neebish and Munuscong Channels
mulate to a point where the channel becomes so clogged 0 Lime Island Channel
it is virtually impossible for any vessel to negotiate it. 0 De Tour Passage
Conventional icebreakers have not been able to relieve The general location of these areas is shown in Figure
this problem. Once they leave the area, the channel 1 . It can be seen that in the first two of these areas,
quickly becomes blocked with ice again. These locations the river is at its narrowest. The passage through
are usually areas of low flow or unusual hydraulic con- Middle Neebish and Munuscong Channel is particularly
figuration such as a narrowing of the river or a sharp tortuous, with several sharp turns. Each area is subject to
bend, the accumulation of ice. The channel width at Middle

In order to remove this impediment to navigation, Neebish is less than 200 mn (656 ft) and at Little Rapids
the U.S. Coast Guard is considering physical removal Cut it is not much greater than that. The average depth
of the ice. Several concepts for removing ice were dis- of the channels in these two areas is 8.5 mn (27.8 ft).
cussed by Mellor et at. (1978), but the actual impact Details of the environment including daily tempera-
of such removal was not addressed in detail. The ob- tures and ice thickness in the areas under consideration
ject of this report is to examine in greater detail the are given in Mellor et al. (1978) and Wuebben et al.
hydraulic and environmental effects of such a removal (1978). This information will be useful for determining
process. The environmental investigations are limited the ice growth under static and dynamic conditions in

to physical effects and do not include biological and the ship channel. A photographic review of the conditions
botanical effects, in the St. Marys dur-ing the winter of 1979 was presented

In order to limit the scope of the investigation to by Vance (1979). It will be useful to review this photo-
that of a realistic undertaking, this study will concentrate graphic documentation for it provides considerable in-
(in four removal techniques: displacement, ejection, sight into the growth, distribution and breakup of the

slorrying and rafting in one geographical area, the St. ice in the St. Marys during an ice season.
Marv% River. The amount of ice and ice/water mixture The photographs for the week of 5 January depict

that has t,, be moved, the distance it his to be moved, the conditions a week or two after the initiation of ice
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Figure . The St. Marys R iiver (eneral cotlon map).

growth. They indicatle as ice Rapids Cut (see Fig. ) change. Thae Island Channel is relatively open due
is open and clear to below Island Number 4. One can to the breaking away of large pieces of shore ice. These
also see the brash ice starting to build up at Stribling floes have caused considerable amounts of brash and
Point and in th e Neebish Channel area, particu- floe ice to collect in the ferry crossing area as far out as
larly at the sharp turns. There appears to be no particu- De Tour Light. This is a considerable change from the
lar buildup in Lake Munuscong, although plate ice is h0 January conditions. It would appear that some form
clearly evident. The Lime Channel is clear. There apk of ice control structure, i.e. an ice boom or ice anchor,
pears to be considerable brash ice in the area of the De could mitigate or eliminate the instability of the shore
Tour Village ferry crossing. The area from the crossing ice upstream of the De Tour Village ferry crossing, there-
out past De Tour Light is fairly clearo by decreasing the amount of brash in the channel.

On 10 January, the brash ice is beginning to back up By 28 January the ice has just about reached its max-

in Little Rapids Cut and is approximately at the south imum coverage. The approach channel to the locks at
tip of Island Number 4. Courses 2 and 3 are beginning Brush Point is completely filled with ice. Little Rapids
to fill with brash ice. Middle Neebish Channel is C filled with brash ice, with only the ferry crossing
pletely full of brash. The ice sheet is stabilizing in Lake being relatively ice-free. It should be noted that the ice

Munuscong and around Pipe Island. Of considerable boom upstream of the ferry crossing has kept the shore-
interest in these photograph s the stable ice sheet just fas inLtSg n place. Courses 2 and 3 and all of Lake Nicolet
upstream of the De Tour-Drummo Is land ferry cross- are filled with ice, as is Middle Neebish Channel. Lake

ing. With the stable ice sheet, the ferry crossing and Munuscong and Lime Island Channel have stabilized and

channel from the town of De To t c e Tour Light also are full of ice. Surprisingly, the Pipe Island Channel

is relatively brash-free N is clear from the ferry crossing to De Tour Light.
By 15 January ice conditions have become consider- By 9 February Little Rapids Cut is full of ice to the

ably worse. The brash ice has now backed up in Little Sugar Island ferry crossing. The remaining portion of

Rapids Cut to the midpoint of Island Number 1. Sev- the river is full of sheet ice and brash with the exception

eral vessels moving through the anchorage area have of that section from Pipe Island to De Tour Light. It is
caused large floes to move into the channel at courses interesting to note that the ice sheet is now reattached
3 and 4. The brash in Middle Neebish Channel continues to the shore upstream of the ferry crossing at De Tour.

to build up with little or no relief. Lake Munuscong A thin ice sheet is now moving into the De Tour Light
and the Lime Island Channels have undergone little area from Lake Huron.

2 --
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Figure 2. The St. Marys River system.

By 17 :ebruar, the ice has reached its maximum of open water at Stribling Point while there still is a con-
coverage. Little Rapids Cut is completelv full, with onl, siderable amount of loose brash in the Lake Nicolet chan-
a small open area at the ferr\ crossing. [he remainder of nels. This is an indication of the insensitivity of the brash
the system through )c 1 our Light i lull of ice. and ice floes to the low current velocities in the riker, i.e.

This situa tion remains essentialhv the same until earl, less than 2 ft/s (0.6 m/s).
March when melt and breakup are initiated. Unfortunate- Review of the ice condition photographs yields a
ly, no flights were made on 3 March and 10 March; how- qualitative indicator of the areas of brash buildup and
ever, the 17 March photographs indicate the channel at the areas where a disposal technique or a combination
Big Point is starting to loosen up. There is residual brash of techniques can be utilized. The photographs also in-
in the channels thruchout the sstem, but it is evident dicate that some kind of ice control structure in the De
that the ict is, not .:. , se' compacted ais it was during Tour Passage area just upstream of the ferr crossing
I thruatv. In tact, the .harinel is clear from Pipe Island might mitigate the brash problem by stabili ing the s h te
to) le I, ir Light. rhi, is a good indication that the brash ice. This possibility merits further investigation.
at the lower end of the system does move into Lake Huron F igures 2a-2c are plan views and cross sections of the
when it is able to. river at various locations, along with indications of statt

The situation is esenti ill, unchanged on 20 March, and federally owned land along the river (Chippewa Count\
but the brash coocentration is decreasing with each day. 1973). These figures will assist in selecting potential dis-
By 3 April the svstem shows more areas of open water posal sites and in determining the feasibilitv of the various
in the shipping channel. Little Rapids Cut is virtually de- disposal techniques.
void of ice. .\n interesting phenomenon is the appearance

3
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ICE GROWTH AND ACCUMULATION the primary variable used for calculating ice thickness
in the regimes mentioned above.

The ice growth rate in the various areas under consid- For the static growth of ice, i.e. ice that is formed in
eration will not only depend on the ambient air temper- areas where the velocity of the water is 0.7 ft/s (0.21
ature but on the temperature history of the water, the m/s) or less, the growth rate can be estimated by the
velocity regime of the river, and the extent of ship traffic empirical equation
in the channel.

The thermal history of the river will depend on whether h = a (2)
there was a warm or cool fall. When the river temperature
approaches OOC, slight temperature differences, on the where h ice thickness in inches
order of 0.050C, will determine whether or not an ice = coefficient of ice growth in inches /F'/2
cover forms. The first ice cover usually appears after daysy'

an intense cold period, and some supercooling may D i = is the summation of freezing degree-days from
occur, depending on the water velocity. The right com- the initiation of ice growth.
bination of supercooling and velocity can initiate the
formation of frazil ice which can significantly complicate This equation does not take into consideration any un-
the problem of broken brash and mush ice in the ship- usual environmental conditions. aitself varies from
ping channel. Ordinarily the water temperature is un- location to location and can assume a value anywhere
iform over the full depth when the ice cover begins to from 0.6 to 1.0 for the units indicated above.
form. The horizontal temperature profiles ordinarily The freezing degree-days can be obtained from actual
show slightly warmer regions nearer the shore than in records in a specific location, but Figure 3 gives an in-
the center. These differences are on the order of dication of the accumulated freezing degree-days for
0.01 to 0.020C. the Great Lakes. For the St. Marys River a value of 1600

The growth rate of ice in the river, both static and can be utilized, with a conservative estimate of a being
dynamic as well as in the shipping channel, can be re- equal to 0.8 (Lewis 1975). Thus the maximum ice thick-
lated to the number of freezing degree-days that have ness in the static reaches of the river would be 32 in.
occurred since initial ice growth. A Fahrenheit freezing (0.813 m). This figure is at the upper end of the values
degree-day D is defined by reported by Vance (in press) and Voelker and Friel

(1974).
Tmax - Tmin (1) At higher velocities, the ice accumulation is affected

D = 320F 2 by both the velocity of the flow and the depth of the
river. Several different phenomena, in addition to

where Tmax and Tmin are the maximk m and minimum static growth, may act to increase the ice thicknesF.
values of daily temperature in OF. Th,s parameter is According to Ashton (1978), the formula governing ice

2000 I 1 I I 1 1 1 1 1 I I 1 1 1 t

01 600-

0'

,zo .E Huron

e= 800
V

~Onforlo

E
S400-4o

1020 1020 1020 0 20 10 20 10 20
NOv Dec Jon Feb Mor Ar

Figure 3. Freezing degree-day curves at various Great Lakes locations.
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growth takes the form too sophisticated to usz here, a simplification of it can

be represented by the foilowing equation:

V =[2gih4 i (I )J : _j) (3) =( j)(r 1 aD'')+X) 4H: . 3 h i = (I - (hi_j + ct-L~iY + ct1i! (41

where V = velocity of flow where 3 = the percentage of open water in the channel
g = acceleration of gravity and a and 2;D i are defined as in the static case.

h i = accumulated ice thickness With an average of 20 degree-days for each day and

pi and pw = density of the ice and water a value of 25% for the area of channel left open after
H = channel depth each pass we can estimate the ice growth for any number

of days, assuming one ship passage per day. Since he

Studies have shown that ice can accumulate to a thick- model shows only a slight increase in ice growth with the

ness of one-third of the depth of the water under normal number of ship passages and since there ate not many
flow and meteorological conditions. With an average days when there are more than one or two ships passing,

depth in the St. Marys of 27 ft (8.23 m) one could expect particularly if we consider a convoy of several ships as

ice thickness of 9 ft (2.7 m). Calkins (1979) has indicated one long ship, this appears to be a good approximation
that with the presence of frazil ice in rivers, ice thickness of the ice growth in a ship channel. A plot of the

could increase from 50 to 90% above the static growth slmplified model is shown in Figure 4.

condition. In the case of the St. Marys this could mean Using eq 1-3 and the findings of Calkins (1979) we

;cc thickness of 48 in. (1.21 m) to 60.8 in. (1.54m). can establish upper and lower bounds on the ice accum-

These figures are in agreement with the values presented ulation in the channel and at the channel sides. The re-

by Vance (in press) and Voelker and Friel (1974). Table sults will be a function of the number of degree-days,

I indicates the typical flow rates and velocities measured the number of ship passages, and the water velocity in

in the St. Mars s River by the Army Corps of Engineers. the river reach. For static growth at the sides of the

The growth of ice in the shipping channel presents a channel, a reasonable bound would be from 20 to 36

difficult problem that involves not only the parameters in. (0.5 to 1.0 m) with a mean of 28 in. (0.7 m). The

mentioned above, hut also the frequency and nature of 4I i I

ship passage through the channel. Michel and Berenger
(1975) have developed a model of ice growth in a ship

channel that takes into consideration the number of
ship passages, the percentage of open water left after a
ship passes through the channel, the thickness of the ice
sheet before passage, and the number of freezing degree- 30

days. They have shown that when the static growth is
proportional to the square root of the accumulated
fhee/ing degree-days. the growth in a channel is a linear

function of the accumulated degree-days for one ship
passing per day. Since the model is complex and far

20

Table 1. Velocities and flow rates in the St. Marys River.

T,ne t
3  

, ftt , Remcrk-s

,zic Rj.td ('ut bumrnw 1Th9 52.500 2.58 gate oven 1o

Li_ e RaD,d C.t ,,mrer 1'%)9 72,500 3.60 6 gateso n .

;?le R Iid
, 

Cut s ,'ntcr 197a 45,300 2.46 Area :cdsu. zin duc '.,

cc considered

R-, i(e r s a to Summer 1978 89,500 4.6

-itte t ajiJs cu i Winter 1979 51,500 2.94 .Area reauctiw n due to
ce considered

Field Pont brmer 1179 78,:00 '.85 0 4 6 8 10

It ed Pot ,irrmer 1979 45,600 0.85 T,, aos:

<'d P, rt Summer 197c 51,900 0.97

Figure 4. Ice growth in a navigable river.
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bounds in the channel are a little more difficult to es- The lift force can be expressed by
tablish. From the pictorial history presented by Vance

(1979) and from the previous discussion of conditions FL "CL w L W (6)
on the St. Marys, it is apparent that the ice conditions 2

in the channel can vary from ice-free to ice thicknesses where CU= lift coefficient
of 108 to 144 in. (2.75 to 3.65 m). An upper limit of L length of the slab parallel to the flow.
96 in. (2.44 m) has been suggested by the U.S. Coast

Guard. Mellor et al. (1978) utilized a figure of 39.4
in. (I m) for the upper limit over the total length of the L can be taken as 0.5 for a rectangular body adjacent

river. It is evident from field measurements (Voelker to a small boundary.
The friction force is defined as

and Friel 1974, Vance, in press ) that these figures may

well bracket the actual ice thickness. In addition, it
appears that the brash ice is not of uniform thickness FF =/I (FB - FL) (7)
throughout the entire river system. Therefore, a more
realistic approach would be to estimate the ice thickness where is the friction coefficient, which, for ice on 0co
for each disposal technique and each specific site. can vary from 0.03 to 0.1.

The force of buoyancy is given by

NATURAL ICE TRANSPORT FB = g (pw - pil h, L W (8)

Before the investigation of the various disposal tech- In order to have the ice pieces float to the bottom of

niques is undertaken, we must examine the conditions the ice sheet, the buoyant forces must be greater than thu

under which an ice slab that is deposited under an ice lift forces, i.e.

sheet remains there or is transported elsewhere.
The forces involved are those of buoyancy, friction, FB > FL

drag and dynamic lift. Figure 5 defines the dimensions
and parameters involved in the calculations. This means

The drag force can be expressed by V < 3.3 h,
v2 (5)FD =CD--- wh s 5

Thus, a slab 9 in. (23 cm) thick will float if V is less

where CD = drag coefficient than 2.9 ft/s (0.88 m/s); therefore, most slabs will float

pw = density of the water to the bottom of the existing ice sheet. Higher velociis

V = velocity of the water will be required to move any slab thicker than 9 in.

h, = thickness of the slab In order for the slab to remain in place, the friction

w width of the slab perpendicular to the flow, force must be greater than the drag force (assuming no

adhesion or cohesion), i.e.

CD varies between 2.0 and 1.1 8 depending on the thick-
ness to width ratios (hs/w). It reaches a value of 1.18 FF > FD
when h,/w > 0.20 (Hoerner 1965). A reasonable valut
forCD is 1.2. L(FB-FL)> CD Lh

and the velocity for movement will be

Ice Cover2mg(- P L

V P-

CD( ' ]CL
If reasonable figures for slab thickness and widil irc 11.5

Figure 5. Definition sketch for analysis of ice slab and 1.5 ft, the velocities needed to move the ice slabs
transport (Lecourt and Voelker 1974). would have to be greater than 0.3 to 0.5 ft/s (0.09 t,

7



0.15 m/s). Therefore, slabs of ice from the channel will occurs such as a turn in the channel, a decrease in depth

only remain under the existing ice sheet at the side of at the side of the channel, or a decrease in the stream

the channel if the water velocities in this area are very velocity. At this time the ice will begin to accumulate

low, if there is some obstruction, or if there is immedi- up to one-third of the river depth at the side of the

ate adhesion of the slab to the ice sheet. channel (Ashton 1979) and back up the river.

When the conditions permit the accumulation of ice One can obtain an indication of the amount of ice
under the ice sheet at the side of the channel, the effect that could accumulate by considering the amount of

of water velocity can be examined by simple application ice cleared from the channel up until the point when

of the~continuity equation: it begins to accumulate at the side. For example, con-
sider the St. Marys River from Little Rapids Cut to a

V1 A 1 
= V2 A2  (9) point at the upstream end of Middle Neebish Channel

between buoys 62 and 63. Here the channel makes a

where A = channel cross-sectional area at position 1 dog-leg to the east that could very well cause an accum-
A 2 = channel cross-sectional area at position 2 ulation of ice slabs. The nominal water depth at the side

of the channel at this point is 8 ft (2.5 m); this depth ex-

Taking a typical cross section of the channel (see tends some 1500 ft (457 m) on each side of the channel.

Fig. 2) just south of Frechette Point we obtain a cross- This defines an accumulation a.ea of some 9000 ft'. If a

sectional area of 33,600 ft 2 (3121.5 m 2 ) with a water channel 328 ft (100 m) wide is cleared of 4 ft (1 2 m) of

velocity of approximately 2.5 ft/s (0.762 m/s). If we ice by displacement under the existing ice sheet from

now place 48 in. (1.2 m) of ice from a channel 328 ft. Little Rapids Cut to Buoys 62 and 63, a distance of 12

(100 m) wide * under the ice sheet, the area A will miles (19 kin), a volume of 8.3 x IOft3 would have to

be decreased by be accommodated. The length of river affected would be

L h(10)

where h, = thickness of the ice in the channel
wc = width of the channel where LA the length of the accumulated ice mass

DA the depth of the accumulated ice

or 4 x 328 = 1312 ft 2. This will increase the river velo- W,6 the width of the river in the accumulation

city 0 1 ft/s (0.03 m/s), which is an insignificant change, area

particularly considering the simplifications (on the con- Lc = the length of the channel

servative sic, ) made in the analysis. Even if the amount Wc = the width of the channel

of deposited ice were tripled, the velocity increase would hc = the thickness of natural ice in the channel.

only amount to 0.3 ft/s (0.091 m/s), still an insignificant
amount. In the worst case that can be imagined, that is Using the figures above for typical river dimensions in

amout. n th wost cse hat an e imgind, tat s dte Little Rapids Cut to Middle Neebish Channel area,
if the total cross section outside the channel were corn-
pletely filled with ice, the velocity at Frechette Point the accumulation length would be approximately 9000

would increase about 1.3 ft/s (0.395 m/s) to 3.8 ft/s ft (2743.2 m). This is a length easily accommodated by

(1 15 m/s), not an intolerable figure and one which is the river between buoys 62 and 63 and buoys 68 and

sometimes reached in Little Rapids Cut at high flows. 69. In fact, data provided bv Vance (in press) indicate
that the brash does accumulate at this point, compared
to the Little Rapids Cut area.

ACCUMULATION 5ITES Two other areas in which ice accumulation is most
likely to occur are the downstream end of the Middle

Under-ice accumulation Neebish Channel and the downstream end of
From the velocities presented in Table 1 and the Munuscong Channel at Johnson's Point. Calculations

velocity bounds necessary to keep th e slabs floating imilar to those above indicate that an accumulation

and moving, i.e. 0.3 ft/s < V < 3.0 ft/s, it can be seen ength of 5200 ft. (1585 m) will be required in

that most slabs, under most conditions, will float under Neebish Channel and 3500 ft (1067 m) at Johnson's
Point. These distances are equivalent to approximatelythe ice sheet and move downstream until an obstruction oetido h oa hne eght ecerd
one-third of the total channel length to be cleared.

t his channel width was specified by the sponsor, and al- Therefore, although it would be feasible to allow ice

thoug it may be excessive for winter navigation, it will be from a cleared channel to accumulate at these points,
utliied as an upper bound for the analysis undertaken in the short length of the channel is a potential source
fnis study. of problems. It may be preferable to dispose of the
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ice in another fashion in these areas. Frechette Point cross section as an example as before,
All other areas of the St. Marys River have sufficient this represents a velocity increase of approximately 7%

reach lengths and river widths to accomodate ice dis- (from 2.46 to 2.63 ft/s), an inconsequential increase.
posal under the existing ice sheet. The velocities expected
from the Lake Munuscong reaches to De Tour Passage
are low enough so that the ice would remain under the EVALUATION OF ICE DISPOSAL TECHNIQUES
ice sheet.

The De Tour Passage velocities are high enough to General
clear the ice out into Lake Huron. This can readily be With the basic description of the river provided
seen from the documentation in Vance (in press). carlier and the methodology for determining accumula,

tic.!) rates established, attention can flow be focused on
Accumulation on top of the ice evaluating the various ice disposal techniques. Each

In order to obtain some insight into the additional technique will be evaluated, considering the bathymetry
quantity of ice that will have to be handled and de- and hydrography of the St. Marys River, with the goal
posited on top of the ice sheet at the channel edge if of keeping a channel 100 m (328 ft) wide clear enough
the channel is kept clear, we can refer to Figure 4 and to allow passage of one or more vessels per day.
eq 2. Equation 2 yields an average ice thickness of 32 It would be idealistic to envision any clearing device
in. (81 cm) from static growth. Figure 4 indicates that as being 100% efficient; however, it would appear feasi-
an ice thickness of some 4 to 8 in., say 6 in. on the ble that a device could clear away 75 to 85% of the Ice.
average, can grow in an open channel every two days Therefore, the ice thickness predicted by the model will
using an average of 20 freezing degree-days per day. If be increased by 15% between clearing intervals. The
these severe conditions persist for 20 days of the ice thickness of the static plate ice will be determined using
season, an additional 120 in. of ice must be removed, the parameter of freezing degree-days. The accumulation
Therefore, the increase in volume per unit length of of ice in the channel will be determined using the model
river is presented earlier, which is a function of the number of

freezing degree-days and the number of ship passages per

Vremove (hrmov -h) W (11) day. For this study it was assumed that an average of one
ship per day would pass through the channel. It was also

-120 -32 328 = 2405 ft3 /ft assumed that any ice deposited at an accumulation site
12 or at the side of the channel will iot deteriorate until

spring melt and breakup.
where V = volume of ice

h =thickness of ice Disposal by displacement under the remaining ice sheet
This alternative is feasible in all reaches of the river,

The total volume of ice per unit length of the river, using with the exception of Middle Neebish Channel and the
an average river width of 6000 ft, is Munuscong Channel. In these areas the width of the

river and the channel length arc such that there is a
VT = h Wr strong possibility of the broken ice floating back into

the channel and completely blocking it. Therefore, this

= L2 6000 =16,000 ft3/ ft method of disposal should be avoided in these areas.
12 The channel downstream of Johnson's Point presents

no particular problem for utilizing this method of dis-
where W r = width of the river. posal. Current velocities arc such that a majority of the

ice will be dissipated into the wide expanses of the
Thi,. produces a maximum increase of I150/ a percentage river system in this area. A good portion of the icc will
well within the bounds of the natural ice thickness vari- be passed out into Lake Huron, from the Delour Pas-
ations from year to year. sage reach. That is not to say some of the ice displaced

If this ice is deposited on top of the existing ice sheet upstream will not float hack into the channel down.
for a distance of 1000 ft on each side of the channel, stream; this would increase the frequency of clearing.
this would increase the ice thickness at the channel edge The use of this disposal method in the Lake Nicolet
some 1.2 ft (0.36 in). If it is assumed that isostatic reach is marginal but feasible. The channel length in
equilibrium is maintained and the 1.2 ft is added to an this reach is some 12 miles; there is ample depth (> 8
existing 2.6 ft (which is a worst case assumption) the ft) and breadth (> 3000 ft) of river on each side of the
river cross section outside the channel would decrease channel, up to a depth of 4 ft (2 ft of which is already
about 2160 ft 2 (1.2 x 0.9 x 2000 ft). if one uses the frozen in place). Therefore, a storage area of 6000 ft2

9



S asas f-t A o tri- that thet %(ssuls buing used reach it melt and hrvakup it no rk'str,:.rtng booms, are

ar ill I r atiilc 8-20 fto. -0 c')ro'en brash, put in place. No, piotteots related its this nrc'thrsd art'
th, hattwf ssYI hs-os 1, . crid "I"!\ fioe dayis. With anti~ipated in Iho LAkC !iincst ecAh And leaches

at 50-11,!\ lk. -t1 AII.I' Wt:e -llstl iUe to he cirecl tur'.herdontr's.

~'vanld rlli Disposal b efection on top of adjacent ice coier
lb .I h isi *': ' Jinel (Itppists th ' Ie eietI '11F1I r.I sif I II ' l I I ca-S LJn he acttnIr)p~i Ishe'd

Ortlets ~ ~if I i .tteIl, WILMI \s t in two sShios, til:0 rricrrtissred n~r \lellor el a11. (1978)
zpps strttt I )~nt ill thliS reaCh and an increase in (freec ejectiorn vs ith a water nozzle) !rnd a second method

velsici', kit 21)' si s5 l ioti 2 to 3.0) ft's which reqJuires a conses or belt that would rncchanicllsII
(0.76 tsr 0.91 I S) .,11( hon. 'ic tto.hlI! level. 111C lift the ice from thle 1 hamici aind ,Jrr'.Cs ,t to the adla-
inrllrted tiUIl A551 . :~S inss cs 0itncrease t) cent icc sheet IV, aggrrer and rppcl 1971)f. Both rneihssb,
Nsatc'vust I' th diSpiakud i., ter stI!lrne is restrcted will he lirrited to distrihutistr on a 200)- to 3tt0ft iho-t
to the Ltkc' Nc slut u.li 0. 'si a CosrtviVOe sti- 00-m) portia:, *,i the Unbtrokenr iLC at tile Sides , theO
11a,11, anld 11 !1!,' stfj \,s'ik'.s i torr 9000 to 12,000 chainnel due to p 555cr anti stulcturl_1 conridieratisits5.

t(2." to ).o kr'', -.t _wr ur\pet .t I ise il wsater troutI I here is no location at which this method canJ be used
tr o i) p I 1 , , t 1, 11, , ' is less bin orre- to deposit ciecied ice onl snow- toi ice-covered grotund.

onirerI) tuir ot iiVI ~n r'nie peiri e he free ejec tiwt method uIili/ zr:! a o ater ntt/il ha,
in the iri~iurtil !Cs yj\50rue hanlges ( Mllrr et al. the inherent disatdsantage that the icc would flase to he
9 WS). chorpped up before it could he jetted through a notzzle.

Ilnt rrs itral tstd ileth ice tsser rn tile Litke Practical considerations wtould limnit the diatmeter t f the
t ic~olet retch 'rtirr A pl-cc ind deterclittiates with nozzle tor apprixiniatels 12 in. (30t cIll) (Meltor et 31.

%,- 1Ktluaier c I! revt. s p) iwe -tO- more ice 1978); this in turni WOUld l imiit the Size of the pieces Isl
under the~ ( \stinig 5,%- % ivth tile k listings seloelts re- approximatc'l 61 itt 93 in. 0 5 to 23 ot ). Thus, tile ice

rite,. ss e c~it 1 e Sr. thfit stame behavrior to persist except niust undergtt cot rinu1111 tuntil the largest piece has
for the, pssitrilml o! Snice of the ice breatkinrg st55t a diameter no greater thtan 9 irt.
rt Sm the Shore Andl. i roml,Itn Lig t the dotwnstr earn In addition, if a mixture ttf water and ice is utiliied,

end (t thle acLh. I l wat extent this vo ;11 occur de- approximatcl 401, to the mixture ss tulcl he water. A
pe-n J il *,h,- rijPJstits ss i svh ich the ice deteriorates large percentage of tthis water wi tuld then settle til the
atnd the tnilttnl it tlee sheet swhich is disturbted by existing ice sheet arnd freeze. tlterebs incrteasing the
external factors such as vessels leaving the channel or W11ttitte ttf ic deposited bs .tlntitoSt 5()L:. I hIS it) the
t'n I; mik' Ii gh ss i.K Ini the event that tile theckened Lake Nicoiet ear hl, intstead if having 3.5 \. 108 ft13itt
ice 'Sheet Shlts t I tertcIUItC to break away at any\ pacrtic- depotsi ted ice, trie \s tu'd base appi tiinlttls- 5.2 \ 10ft
LClil lstcatis s, it lltas he lnSsibloe to keept it itt place with ft'. that soLorne Itl tee Cart be deptsited Olser arteat
the tise sil (orirl, tirt (it ioc htstsi. of 300 ft oil each side of the cLthainel timeN thle lettgilh

Io rtl ze l! the ice piecs that ctn hte displatced swillI of tilt reach, 63 ,36.0 ft, sWhichI woiuld cfield op itt all
11C It 'tIlti Ii' 'I thle irlechirlisnIt Used it) breatk the ice addi tittirt 14 it toit ice 1t tile chtaitnel edge.
t; the Ill" nI',e It fims Iecit fround that the lS( Fseit it tile ds nitric ice s.rtstr.ppiklatChed tile Nlattjc

it 's-i /\oltr t,111i ciii Ikt Plate ice Ott) Pieces ice vroth ot Nitt 10l in. esers fist' lis, thle additional
i nt I iiiti ill1s less than I ft Ill ditircie icc ss(IiiuLc ato00iunto iippIisisimatel 7 ft oI i(Ce Otn eIcl

V)%i f 111t, M ' ,ni h (l i llor his, itld ble clisipired tor side il Ire( chf nlj11, MsUllitttci t,t 1 11k LJU1Iilt i u .
ti 1101l 'itch cris. elshts1t (t tI 1L78) hase Shsiwn tilt ikCc sheet it Ill' khannl ede tLils' li heitf tuntil the

IIA iO j t1' ti' pieceV, thle rottAiC Iltc resistnluc toILsi)\, t titres ire e Io ttile sseightl of tire ic). TJti'
rlirrlaetts-rt Si) s it thtrerretit efitiiel cle'tritic fils- SSU tite.,tiii 1iLc sht hrskeirl it tI itn tIll' Shossi e

do '~i'Ililht I" s!
1
''''ti1 I,, Ik, ttis f'ltct ints ctisidl- fll Ik' sWill its 1t1,it1, hk sLlit itt1 OW t~eClr.1rIir I dCIL

ttiO i ,tfhtsi hs iss Il Iic i ti,tttu Ilts- ii'sir f\liter 197)'8 Irist' sits ski thrt .I cit1 k pmirlltI t,, tilt,
is'*,lht. , '-.- is~Ss s iSV siki~i ti,lt Itt ttct sh it)ie sil i ie t in h 'tl It' P.
tt.S5 1' .t I t,,ris ' 11 , -'ct :Is, prt ., ss ill is i.is iS sStr tn x,

S ~5~ . .5I~ts 5 5ill.,!I h irJ ts si) s r' t t l tr lilt, I 'It -I I;,, 5 'us i "Iirs ill inrtc t,tss 11 tilt
tls~s s.''tt i tisii ~ ' 1 is'"'sifr itt tll sitCrt" s"I 5k-ie estit. -. ! i11ssit i),S It '. 111 hi' -it IILtIc k'

it "t. \Ii' k it i .,. itt Ills \lidlt NVs.'tIih i11tl wouttld iteiCrt.ti l it'c1,ts 'ssllr it.; it S. liksstt sJIiteS

\olti kr \11si k I 1 t."1iii' . it) fcs' Ill~t "s'is,let6 rs'.tclt - Tc tie tc 'ltit t ' I s ill. 1i .sts .' per' tksttt tsf kC

6 it is I s is 4 t- . '_i i F vlre rmay he stome poten- tll c kites' s t 'Il 4 1 s ill Iss tilt It () t i I, ti 1  kiter'.
tn'11ilst !11i It' 'Nsi ill~ti Cud osf the C-ie t 'itttlts 'Iiktt'tv, i~)tit~tsit'



wourld hai~i tJILICi' 11411V 'i*t', than Ii1st' 'I OWic' eitef nI ItIt -4.11 x Moot, it 1 1 Iii 'ni d Lv imitid

ab u t. 1 "K1 sv I 1, v-I fi 21) ll. i' I cis 2,0 Ili' It-i O. tiilvl , irevd lij d (this I, dnc

Ini the Mliddle Nt'ehith 1) ii uhintdOle Maurscir onOC -li Iiil\rfs sadi i itt-t -

C:hannrel, tihe fI% er is sl ightIlI, nat, -,Asr, -'001 ti 0000(1 th1c 1!%e.f i 'i 111 at) t hd111 -!Iy''

tiflnipaidit tt 1)1(1 t.i 12,)) it LICitIr r-i' cn art WItitt 22 it (0.- ni) li,,gi a.nv, Ottli slic i-i-i \'Sti~mvi--

a 5(y riceaIt.' initi 11) ei letri 10ii1 eliO1.its ,Ic. Jn dete dIIII[ III ii iiti
1  

II 1i-i i1 h', Ai (11 .1"' . s I':i

inlccrease in tl I t ~iS anid 0.15 it.' th I lviii Iise S(Ji~i'i. thecft isllil he .1 ntgi, ''-, ,I Il f",.

cif 18 and 12 in., reSP~kI-Iilt, . Ii thei'r-dih hutint ht dFIiilIcS, fit.e i hct- mi gi I,, sri rt i-i

Mnsng ( hannevl the' iivei is muchi tsd"-r Sl they- ohc' ili -isi.p hl-n frti

Iucit% inCre-asel Irid the Wdter Ictel rises shu)Lld h' 11.1- andi iliailIr III !hi- etIt ,t h r11d !lie sciipc

stantialK less. this ftp fi.

In sunlrnr' il ippears That dispistal Iv. h Oh t-ut P "Ts assUIri th1,1 the Nlur isit p--'Sotd niic h xS

ejection with ai water anl od nit'chiniLI ieccii tIi isting Itt- Shirt i(-f a1 dist11ILtI I ' 0 SIht 11I tach Sidi-

feasihle alternatises. I rt' C'jitlOO1 is less dVStIrhie h1- if the channel and thi' ii! 1 the tripi1aiKid

cause oh the 5(0 ilrtICN is n ic %Ount' and the Litr gc' is frozen upon deposition, then an additional 4.5 ft
pileup of ice it the channel viit' Hoth nmethods AosIid 1 1 111) it t' %Ail! he' c-ptsttd ,i)ng :he shaiii tie-,

eate a large htrildip Of ite it the ihthinnef edg ir ,i rm 'siig iho'-i Wwniatiii I -' ! 1i' I d!L P A)

300 to 400 1 t, nr tire th ii el I hr it allt , this intl dS as'In i~t ti it e ,ii 's- I %%i !I -IS' Ill I

shoiuld nut C31LS 31) iris snritit it r hierris. hwr'tI , I! cit\ snri' 20, 1 1 .1 '1 S, ts1itin ir ii ptti it

ntI, ni he Ani cII t.lSk il rIInt n s, t2Ii1I rtnInttiStS I he inrease' In ItC s nt: iIlt t-rd t-I 1- .ItJ
and local resitdents )t this titit tstlui iL' ph situl Slight incirast in the istiC it.-. \alii usic I 1 1)

modeling, data, the itse iw Ntite. I-si t\ !I ht 'It i- tha, !fl

10h in.
Disposal by slurrying In tildte: It' i I il' ir! ii s\ ini, thi lusti ,

Dispoisal Ot the hrish it' thrliugh SIUni pitlli'11s reduICd in Wer SI titut It IIn I:iii ugirLJ~ The- s I' pini

acids other ciunS~ritiint lt tile puissihilitti it dispOsal1 antd through tih(' tlii pipe!In. IHit- pipci-it' is ;I ,l

bhS ejecin thes being the leiigth Of the sIlr pipeline aIct ommuinddIt thUld abU t' ni-Liri p t I'ne-hr,1 911,-
and the potential Of frete-Up In the pipeline. Ilrnam,tu Pipe diarnete'lI iiitsetI , tilt pumip Belt! iCIJ ? ril-

et al. (1 976) hiave indicated that1 Using a Slnrr sILrri- muchI Smalltr picces A\ Iri gh is n !-i Ilt-' !I' Lsi'

turn trf 35 to iiv ice Wrould he pissihic'. lowerer, ice cimmiinti fir a spec at d'ttgnrd :wn' ;1uni

lahorattirs tests hive indicated that a slurr c ineen ra- would he in til t' ii Ofii 2-3 11. i5-- tini, In akd t 'in,

tion greater thin 501" ice cimuld cause frecie-up prioblenms ippi o\ii~tult, 8101( ft I tI stte ss - ho, needed Ptr'
in the slUrrv pumping mechanisnm and peripheral freei- i near friit of channel clereu ht thit iifiiiic I his I
ing of the sI urr\ pipelilt swh ich decreases the effectlive ahi rut 5 (if the I ltime a iihLIit Ni noc the sae

pipe diameter. T he poitent ial fior irecing can he de- is, heing depi itc't i lit the e \Stn IL ceSuet' i' cid i .-'

creased h,, keeping the sfurrs conrcen tratioin helow 50 percen tagc' \s M ret re/t at nut vIsh the displir.c t 'f nd11

iie. 4017 ice, 60L wvater) i! hv introducing sirne sort seck ht drostrtic etlUilihII ti hrie ShOUldIh i : i'tCLi

if pump and] pipeline ht'ating. I r~ the sakt' ot this in the itrll tiilunl' i1 silt' -

studI, we wsill assurmc' a 40O- ice, isiiiCerlrdliiin with nol In suomanr% it apt'rS that tsl's .isptSat In :he 1

incillars herting. shct at tht' channel c'dI it fcaSihlC ' hrughut lt' 11!!

Mellor et al. 1 I978) hate shown thart I slurr s~stem . stem. There are severtl areas. thart Irt)1,1o if -1 t fIn i-

using a large dianmetc'r pipi- ippris\imatels 39 in. (I m) dlepth investigation surch As the iiptirnLItt primp arrd prIe
in diameter ard dh'rcrt 1 f00ti (3011 nilltg) Wriuld he liine Si/C the trnr1itt'ierrhil's Of t11' ptp0i'It' indtl h1

energy comnpeti tist' with the i ther st stems under Ln- frc'ci ig probhlerm it thv pipeline.
sideratiiin. Suich a length Would he acdequrrte fur de-
positing tire ic-e tin trip ofi tht existing ic-e shect at the Disposal by tatting
side irf the chanil. Howeve a length irf alrnrIst three [Disposal rif channel ice h\ r t ig '' fltiihiilg ;i the

times that citili/ed h\t Melliir (30001 it, 1000 m) wvruldi St. NrI- River will hi' I difficult iSk iitut I thlt thu P-1is
he requrired tio depolsi t the stUrrs in rn v currentll ,late depths of he litteriii, th' airers thc'r c' so,h IV01tech i t Atue

rir Ifedurails owned la~nd. f si isith a 3(100-it pipeline, reCitic. \aIII Bay at the MWts' tI1 I I litle Rrpidls
clpiSitirri ini riser ice, )I snot 'Ciseici giranri stirirlc Cut woiuld be a conv-enient plact' to stiiic tile rafted 1,12'
onl\ hte feasible in till MIdle \eehist CIhrnnc'l intd the howevt-e the sotiter depth il this rica is limited toi 4-i ft
MNirtisc di ( hannel i Caches. Ili tie i etles approis- (1 .2-1 .5 in). - he Water depth in Shingle Bas at the loiwet



cii 'I tikv Nic-olet, another ,on venienIt rattIing I c At ion, lengths utili/ed by Mellor el a)l. (1978) in their study.
1-41 ( 1.0- 1 .2 ill). I her e are, not convenient Ioc a. - Theretore, rafting is limited in its Application in the St.

ti,,ri ii NMiddlc Niehish Channel aind Mu'Lnuscrsng ( hannel Mtvar ss River.
thaI!t' 0rc ihl itALorsnodatrrsg the volume of Ice
laInII 1\rrrIAtIl S(10f It f t 111 1.har1111l fur the 50-daN
set'. oili thait Asomld hav 1r be h sto red until melt and CONCLUSIONS AND RECOMMENDATIONS
tf- , rlr) I akt' "\lunuIScrrg id tire Limeir IslAnd ( hannel,
on it, other hand, hasu amlple depth and open area for I tom the results of th is stud\ flu Carl I )rIlClde that
th, -n~i i uriuiIif ring of cce. Ice from the Lake hMun- ice disposal techniques are feisihlc on the St, Mvars
us-on rvic it h it the river could easils he ratted n:rrth- River with negl igihle hydrological impact. A full ens iron-

*.1 'th hII' 1 nrIel, between the channel arid] the mental impact evaluation is hes ond the Sc opt Of? this
( t t&iri hf idei Ice from the Li me Island I.hannel report, hut it is evident that airs ci nvert cut shorel ine

(&l ii. fit fatted initoi the lower reaches of Potag- deposition oft channel ice mas ICll oIriti itiute to shore
.rISni'U Bsiro ,a ItIi frnt IV lIour Passage caii he rat ted en osion prohlu'ms and is not r conrrended at this time.

it i I kkC I turori. None of the tchnliques irivestistatcd arc feasible On

There is a possibility of using the old channel into All reaches of the Iicc-i due ti the ditffrent h\sdrologital
t. .c ! rgA 'il sltae 'If the Middle Neebish Channel And hathv metric. cont igurati. irs thurughout the ryc-i

iit If i,,us ur . thur c is c risiderihle travel distance and system,. I he technique of necha,rii Ii di-iLaCnrenI in

Ati '11 LOicer vk old hive ti be hiroken vach rafting trip, tp of the adjacent ice sheet appu.Ar s too he feasihle
\fiusk iirs( hariril icc WOAiud hate to he r atlted or thr oughiout the entire systen i Issuer it will result in

!ir~hVe II the I Ike NILurruScLiz area, Again a considerahle a 4- to 6-ft (1 .2- ton 1 .8-in) buildup of ice at the edge rot
di'trii. t. the channel, the increase in ice grrissth due to channel

I ihlku 2 pi isc-uis the iserigv fatlting distances for the clearing Will causte An increase in water veloity of less
sijr inns cItIes ofl the risier. than I Its (11.30 ini s) And a svatc It-sd intcase oft less

fI sii rI/ Ir it' s slabs It he ratfted Will oars than I ft (0.3(1 rn), aLcptableC inrcreases in both areas.
iii I S ,, it) diamseter tI less than I ft tin diameter. I he A vehicle Such as, that depicted in I tiui e 6 could he used

!jsk "Iii fit' pur1r iled b\ .r tar go pliiss ts pe myechanism to acomrplish the clearing. Because a lear ing is required
)Ii rh, IA if I ov. isu fRitg or towhbiat or hs to wing ever,, five das s, the vehicle must he Able ito transit the

It !- 14.91ri9 t-.pu hisirml the us\act design of the vehicle is entire so stem, 401 milces (65 kmi, In hoUt fivye das s for
hit- rid thl( cicipi if tit report. It is evident from the a clcaring ratr, of appri immatels 8 miles day\ ir 0.33
pitt --i..! I tud., -I thu j979 channel ice (Vince 1979) mile,'hr for a 24-hour dav , or 0.8 mile hrt fur a 10-
IhJI 1,1ri.1; !n lSh ri1, is occurring fir the' Lime Island hour dAsN. Ibhis cviI be- aCi.orplrshed fs sosci al units
I fri-I III( lie I imi Passage, hiowsever , this natuiral statiioned in sar ious reache's Ot thle riser. (If cruise,
-hi di it cii fh, t ',pur) il- Icc ntl Iin trlled wvi th the pro per some reaches vsl not reuire e Cten-is c. Lclarng be-

IChl1 .r11d cc . rn Lltlo ttrricturcs. [he crirtor and] cause the\ are naiturally cicaerid
in~tti me lil.rt'u rppurk' riches if the iser dlo nut Although clearing b\ \hatt-i ciec(tinin arid sIlums ig is

lurid thvrrisulsis I. rIr wiratrural flushing or ratfting nut- feasible, it is not recionmnended at this time bCause nt

-.idit -ifth sill) ohaiilc. the projected 40-60' ,ncr ease inl ice dci11. icr1t in due
Ili su~nInliI . aith, ugh rafting id( ror fIlushing ma, iti freeing of the Water used i tririspri t the, icc(. the

rprrrif h I iii i tis, incir kf ct' lCMC Ilearing the channel, irucSsit\ ot Pulver i/irg tfieL, ar4,1 il ltu p hlunIS c'-

is oril. fuiSih!r In irc'As ifI deup orpen water such as puriencect With thu frcer/ntz if it! iC sIlurf 11 il t' pumps~

Likc f ir-rge I trke tiurist irng, Pirnaigannissing BAN Arid 'Inic pipelines.

I .ikc thu iin III adtditiron. tile disLtances ti( the areas Rafting ori flushing is nit feasible ilit'u nJipr Yeaches
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Figure 6. Mechanical disposal on top of the ice by a bucket wheel and boom conveyor system

(Arctec Inc. 19791,

freezing degrec-da\ average was utiied, maximunm IcC Chippewa County Board of Commissioners (1973) Atlas and

growth rates were calculated, no solar melting of disposed plot book, Chippewa Lount, Michigan. Chippewa County
ike was allowed forr, and there'fore, it can he assumed that Clerk of Report.

Hanamoto, B3., D. Haynes, and M. Mellor (t19761 Methods of
these fitgures represent the worst case. backflilling truss enclosures at Dye 3. USAF report No. DF 76-21.
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